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Abstract
Microgrid is new emerging power distribution infrastructures, in smart grid architectures
that has the potential to solve major problems arising from distributed generation.
Microgrid is defined as the cluster of multiple distributed generators (DGs) that supply
electrical energy to consumers with lower power loss. The realization of demand
response, efficient energy management, high capability of Distributed Energy Resources
(DERs), and high-reliability of electricity delivery leads to a successful Microgrid.
In this thesis, DC Microgrid in islanded mode was modelled and controlled and its
performance is tested for 24 hours period. The different distributed energy generation
systems used are photovoltaic (PV) system, battery energy storage (BESS) system and
fuel cell (FC). PV system is modelled by calculating series and shunt resistances of the
real life equivalent circuit of the Solar Cell. Four experiments were performed in the
Smart Energy lab, RIT Dubai, for the PV systems, to calculate open circuit voltage and
short circuit current, to plot the IV characteristics of the PV system, and to track the
maximum power point at different irradiances and calculating the daily irradiances. FC
modeling was performed in Simulink, the fuel flow was controlled by the output current
of the FC to reach the nominal current of 133.3 A and nominal voltage of 45 V. LithiumIon batteries were used for storing energy generated by the PV system when the supply
power exceeds the demand power. Demand power was estimated as the usual daily
demand for 24 hours. Controlling these generation systems is performed using
converters. Boost Converter used for the PV system was controlled by Maximum Power
Point Tracking (MPPT) incremental conductance algorithm to maintain a constant
voltage of 300 V at the DC bus despite daily change of the solar power in a day. BoostBuck converter is used to control the charging and discharging processes of the BESS to
maintain a constant voltage at the input terminals of the battery to charge it at 130 V and
a constant voltage at the DC bus. Boost Converter used for the FC maintained a constant
voltage of 100 V.

Chapter 1
Introduction
1.1 Motivation
Rapid increase in the power demand, high transmission losses, low reliability and the need
to use green energy solutions brought in major innovations to grid technology. Microgrids
can generate, transmit and distribute energy more efficiently by decreasing the losses due
to short distance between the generation and the load.

1.2 Research Objectives
The objectives of this research are summarized as follows:
1. Modeling PV, BESS and FC system for generating energy.
2. Control the PV model using Boost Converter to maintain a constant voltage at the
DC bus despite changing solar power in a day.
3. Control BESS system using bidirectional Boost-Buck Converter.
4. Control Fuel Cell using Boost Converter to boost its output voltage.

1.3 Research Contributions
1. Modeling PV using real life electric circuit and consider losses of series and shunt
resistances.
2. Compare between theoretical and experimental results of the PV system model.
3. Control PV system using boost converter controlled by Incremental Conductance
MPPT algorithm.
4. Control the charging and discharging of battery using bi-directional Boost-Buck
converter controlled by PID Controller.
5. Test a Microgrid performance for 24 hours period.

1.4 Thesis Organization
Chapter 1 describes the motivation behind this thesis and its objectives.

Chapter 2 introduces Microgrid technologies, definition, advantages, disadvantages,
structure and components, reasons for connecting to the main grid, challenges, types and
projects around the world.
Chapter 3 illustrates the PV system modeling and experimental work.
Chapter 4 illustrates the battery energy storage system modeling.
Chapter 5 illustrates the Fuel Cell modeling and fuel flow control.
Chapter 6 illustrates control strategies used for the PV, storage system and Fuel Cell.
Chapter 7 discuss the results produced in chapters 3, 4, 5 and 6.
Chapter 8 summarizes the thesis results and further work.

Chapter 2
Introduction to Microgrids
2.1 Definition
Microgrid allows the implementation of distributed energy resources, including distributed
generation and distributed storage, at medium and low voltages that are located near local
loads. Load demand can be satisfied by distributed energy resources that are controlled by
the Microgrid. This means that, a Microgrid can form islands in the electrical distribution
systems.
Microgrids are a growing segment of the energy industry, representing a paradigm shift
from remote central station power plants toward more localized, distributed generation—
especially in cities, communities and campuses. The power to isolate from the larger grid
makes Microgrids resilient, and the ability to conduct flexible, parallel operations permits
delivery of services that make the grid more competitive. [1]
Distributed generation is an economic potential that allows Microgrid to locally utilize the
waste heat from conversion of primary fuel to electricity, by reciprocating engine
generators (gensets), microturbines (MTs) , gas turbines and fuel cells (FCs) using smallscale combined heat and power (CHP). Consequently, this helps in moving towards
penetration of renewable energy resources in power systems together with developing
small (kW-scale) CHP applications. Renewable energy systems can be small wind turbines
(WTs), solar photovoltaic (PV) modules, other small renewables (such as biogas digestors),
heat and electricity storage. All of these resources allows progress towards green energy
that reduce carbon emissions. [2][3]

2.2 Benefits of Microgrid
Microgrids can provide a variety of benefits for both the utility and end user. These
benefits are summarized as follows:



Microgrid, have the ability, during a utility grid
disturbance, to separate and isolate itself from the
utility seamlessly with little or no disruption to the
loads within the Microgrid.



In peak load periods, Microgrid can prevents utility
grid failure by reducing the load on the grid.



Microgrid have environmental benefits made
possible by use of low or zero emission generators.



Energy efficiency can be increased using combined

Figure 2.1 Microgrid Benefits [2]

heat and power.


Microgrid can act in islanded mode to satisfy all electricity needs without
connecting to the utility grid. This will decrease electricity cost.

2.3 Microgrid Disadvantages


Electrical energy needs to be stored in battery banks thus requiring more space
and maintenance.



Issues in resynchronization with the utility grid.



Issues such as standby charges, protection and net metering may pose obstacles
for Microgrid.



Interconnection standards needs to be developed to ensure consistency. IEEE
P1547, a standard proposed by Institute of Electrical and Electronics Engineers
may end up filling the void. [4]

2.4 Microgrid Structure and Components
Microgrids consist of several basic technologies for operation as shown in Figure 2.2.
These include DG, DS, interconnection switches, and control systems. One of the technical
challenges is the design, acceptance, and availability of low-cost technologies for installing
and using Microgrids. Several technologies are under development to allow the safe
interconnection and use of Microgrids [4]

Figure 1.2 Microgrid Structure [1]

2.4.1 Distributed Generation Units
These are the energy sources that can be either non-renewable like fuel cells, microturbines,
and reciprocating internal combustion engines with generators, or renewable like
photovoltaic (PV), wind turbines. In Microgrids, these resources are located near point of
use, leading to better power quality.
These different energy resources require use of power electronics interface that convert the
energy into grid-compatible ac power, from one form of energy to another. These
converters may include both a rectifier and an inverter or just an inverter. The
converter is compatible in voltage and frequency with the electric power system to which
it will be connected and contains the necessary output filters.
The power electronics interface can also contain protective functions for both the
distributed energy system and the local electric power system that allow paralleling and
disconnection from the electric power system. These power electronic interfaces provide a
unique capability to the DG units and can enhance the operations of a Microgrid.

2.4.2 Distributed Storage
Storage systems are used to store energy when distributed generation units are producing
excess energy. Stored energy can be used when generation and load can not be matched,
where load demand exceeds energy generation. Forms of energy storage can be batteries,

super capacitors, pumped hydro and flywheels. Battery systems store electrical energy in
the form of chemical energy. Storage capacity is defined in terms of the time that the
nominal energy capacity can cover the load at rated power. Distributed storage enhances
the overall performance of Microgrid in three ways, namely
1. Stabilizing and permiting DG units to run at a constant and stable output, despite
load fluctuations.
2. Permiting DG to seamlessly operate as a dispatchable unit. Energy storage can
benefit power systems by damping peak surges in electricity demand, countering
momentary power disturbances, providing outage ride-through while backup
generators respond, and reserving energy for future demand.

2.4.3 Interconnection Switch
It is the point of connection between the Microgrid and the rest of the distribution system.
Grid conditions are measured both on the utility and Microgrid sides of the switch through
current transformers (CTs) and potential transformers (PTs) to determine operational
conditions. The interconnection switches are designed to meet grid interconnection
standards (IEEE 1547 and UL 1741 for North America) and minimize custom engineering
and site-specific approval processes and lower cost. To maximize applicability and
functionality, the controls are also designed to be technology neutral and can be used with
a circuit breaker as well as faster semiconductor-based static switches like thyristors and
integrated gate bipolar transistor technologies and are applicable to a variety of DG assets
with conventional generators or power converters.
2.4.4 Control System
Control System is capable of controlling the local voltage and frequency in a Microgrid to
work properly when operating in connected mode or stand-alone mode.
Without effective local voltage control, systems with high penetration of distributed energy
resources are likely to experience voltage and/or reactive power excursions and
oscillations. Voltage control requires that there are no large circulating reactive currents
between sources. [1] Also, Frequency control is a challenging problem. The frequency
response of larger systems is based on rotating masses and these are regarded as essential

for the very little directly connected rotating masses, like flywheel energy storage coupled
through a converter.
The frequency control strategy should exploit, in a cooperative way, the capabilities of the
micro sources to change their active power, through frequency control droops, the response
of the storage devices, and load shedding. Control Systems can be either centralized or
decentralized. [5]

2.5 Reasons for Connecting a Microgrid to the Main Grid:
2.5.1 Availability:
The high availability of power grids act as an additional source for micro-grids. The use of
renewable energy resources (RER) are the attractive options for supplying loads by means
of utility grid itself.

2.5.2 Operations/stability:
Direct connection of ac Microgrids to a large power grid facilitates stable operation, since
the power grid acts as a “stiff” source to the Microgrid. When using renewable energy
sources, such connection reduces the need for energy storage system. A grid connection
reduces the investment in local generation.

2.5.3 Economics:
Microgrids are typically planned with extra capacity with respect to the local load.This
extra power can be injected back into the grid in order to obtain some economic benefit.
Grid interconnection allows reducing fuel operational costs by using the Microgrid at night
or low peaks, which reduces electricity cost. [6]

2.6 Challenges in Microgrids
2.6.1 Technical Challenges
Frequency and voltage need to be well controlled in order to avoid large mismatches which

lead to a severe frequency and voltage control problems occur between generation and
loads, because Microgrid systems have the ability to transition from grid-connected mode
to islanded mode. If the connection and disconnection operations contain a large number
of generation units at once, the "plug and play" capability can be a serious problem.
2.6.2 Components and Compatibility
Because a Microgrid may have many components such as diesel generator, microturbine,
fuel cell, CHP, energy storage devices, inverters, communication system, control software
and so on, these components have different characteristic in their generation capacity,
startup/shutdown time, operation cost/efficiency, energy storage charging/discharging rate,
control and communication limits.
2.6.3 Integration of Renewable Generation
The variability, unpredictability, and weather dependence of renewable energy resources
are several of the major challenges for integration of renewable generation to main grid.
Therefore, the power output of these resources can vary abruptly and frequently and
imposes challenges on maintaining Microgrid stability. Furthermore, one of the problems
experienced is that the increasing renewable shares may cause congestion in distribution
networks. Other problems may include the intermittency of renewable energy generation
and the lack of dispatch ability.
2.6.4 Protection
Microgrid protection is the most important challenges since it is not easy to design an
appropriate protection system that must respond to both main grid and Microgrid faults.
That is because fault current magnitudes in the system depend on the Microgrid operation
mode, and may vary significantly between grid-connected and autonomous operation.
Traditional power systems have been designed and constructed with unidirectional fault
current flow for radial distribution systems.
2.6.5 Regulation Challenges
Regulation is a crucial topic to facilitate Microgrid application, which provides guidance
and allows DER penetration, integration, and main network connection. But regulations

for Microgrid implementation are limited and prevent the proper use of Microgrids.
Moreover, interconnection rules between Microgrid and main grid are designed in order to
standardize the process and manage the impacts of DG integration without disturbing the
functionality and safety of the main grid. These rules must immediately disconnect with
grid connection in case of any faults, blackouts, etc. However, the most complained
challenge to interconnect Microgrids with main grid is the high connectivity costs because
of high connection fee policies [7].

2.7. Microgrid and Smart Grid
Microgrid is a localized system in which mostly local energy is produced and/or grid-taken
for a very small area for a locality. The Microgrid can be separated from the main grid in
case of any difficulty, and it keeps operating independently. This is very useful locally for
renewable energy, or for local incorporation of solar or wind energy for larger main grid.
Smart grid is a combination of micro and mini grids with fine branch and supply systems
control. It senses changes in loads, fluctuations in different generation and transmission
lines (both voltage and frequency), and takes corrective action alone to preserve system
reliability and quality of supply.
Smart grid goals of satisfying load demand, improving efficiency and power quality, and
penetration of renewable energy resources can be achieved through the use of Microgrids,
that can produce energy from renewable resources near load points. [7][8]

2.8. Microgrid Types
2.8.1 DC Microgrid
In DC Microgrid, common DC bus is used to connect to the grid through an AC/DC
converter. The operation principle of DC Microgrid is similar to AC Microgrid. Compared
with AC Microgrid, DC Microgrid is a good solution to reduce the power conversion losses
because it only needs once power conversion to connect DC bus. Therefore, DC Microgrid
has higher system efficiency, lower cost and system size. Moreover, DC Microgrid is better
compatible to integration of distributed energy resources (DERs), and better stability due

to absence of reactive power. Different types of DC Microgrids have been presented in the
literature i.e. the monopolar, the bipolar and the homopolar type. [8][9]
2.8.2 AC Microgrid
AC Microgrids have a common AC bus which is generally connected to mixed loads (DC
and AC loads), distributed generations, energy storage devices. AC Microgrids are easily
integrated to conventional AC grid because most of loads and grid itself are AC.
Therefore, it has better capacity, controllability and flexibility. However DC loads must be
connected to the AC bus via DC/AC inverter, which causes a significantly decrease in
efficiency.
2.8.3 Hybrid Microgrid
Hybrid AC/DC Microgrid is a combination of AC and DC Microgrids in the same
distribution grid, facilitating the direct integration of both AC- and DC- based DG, Energy
Storage System (ESS) and loads as shown in Figure 2.3. This architecture has the
advantages of both AC and DC Microgrids, such as minimum number of interface
elements, easier integration of DERs, reduced conversion stages, minimum energy losses
and total costs, and higher reliability. Moreover, when DG, loads and ESS are directly
connected to either the AC or DC networks, there is no need for synchronization of
generation and storage units. [6][9][10]

Figure 2.3 A general structure for hybrid Microgrid.[3]

2.9. Microgrid projects
2.9.1 Largest single-site Microgrid in UAE
A UAE agricultural company Themar Al Emarat has selected Al-Bahar to supply a 5.94
MW solar-hybrid energy solution to a new farming facility in Sharjah. The system will
provide power for cooling equipment, water chilling, mushroom cultivation and other
greenhouse processes in the facility, which will produce mushrooms, lettuce and other
crops used and consumed locally. The climate-controlled greenhouse operation will utilize
nearly 23,000 solar photovoltaic modules that generate up to 2.7 MW of solar-powered
energy, plus five Cat 3412 diesel generator sets that will supply 3.24 MW of power.
The system will be supported by a 286 kWh/250 kW grid stability module supplied by an
energy storage system and bidirectional inverters. [11]
2.9.2 Three Micro Grid Solar Plants in Fiji
The Fiji project was financed with US$50 million from the UAE-Pacific Partnership
Fund through the Abu Dhabi Fund for Development (ADFD). It was constructed by
Masdar, Abu Dhabi’s renewable energy company.
The solar power plants have a capacity of 555 kilowatts (kW) and will provide more than
40 percent of the daily electricity demand for each of three islands. The energy produced
will collectively avoid emitting 722 tons of CO2 each year and save 259,000 liters.
The three new solar Microgrid projects include a 249 kW solar plant in Kadavu Island, a
153kW solar plant in Lakeba Island and a 153 kW solar plant in Rotuma Island.f diesel
fuel worth US$497,000 annually. [11]
2.9.3 Greece: The Kythnos Island Microgrid.
This system, shown in Figure 2.4 electrifies12 houses in a small valley on Kythnos, an
island in the Cyclades Archipelago, of the Aegean Sea. The generation system comprises10
kW of PV, a nominal 53-kWh battery bank, and a 5-kW diesel genset. A second PV array
of about 2 kW, mounted on the roof of the control system building, is connected to an
inverter and a 32-kWh battery bank to provide power for monitoring and communication.
[12]

Figure 2.4 Pilot Kythnos Microgrid. [12]

2.9.4 Germany: MVV Residential Demonstration at Mannheim-Wallstadt.
Customers shifted their loads to times when they could use solar electricity directly. A total
of 30 kW of PV has already been installed by private investors, and further DERs are
planned. The first goal of the experiment has been to involve customers in load
management. During a summer of 2006 2-month trial, more than 20 families and
onemunicipal daycare center participated in the Washing with the Sun program shown in
Figure 5. [12]

Figure 2.5 Washing with the Sun encouraged customers to shift loads to high solar generation periods (source:
MVV Energie). [12]

Chapter 3
Modeling, Experimental Work and Control of PV system
3.1 Modelling the PV Cell
Photovoltaic cell is a device that is used to convert sunlight energy into power. [13] It is
becoming of wide interest worldwide since it uses a renewable energy resource to
produce green energy that will reduce emissions.[14-19] Many countries are sponsoring
projects that focus on building photovoltaic cells to satisfycustomer’s need of electricity.
UAE has sponsored several projects to build cities that are producing energy from
sunlight like Masdar City. Actual practice from the 10 MW solar PV installation at
Masdar City shows that for solar PV, 1700 full-load hours (FLH) can be achieved, and
higher values should be expected in locations further inland due to the lower
atmospheric dust concentrations. [20]
The simplest equivalent circuit of a solar cell is a current source connected in antiparallelway with a light current source. [21] This model does not take into account the
internal losses of the current. Figure 3.1 shows the equivalent circuit.

Figure 3.1: PV Cell Circuit

Using Kirchhoff law to calculate the output current:
I= Iph – Id

(3.1)

where Iph is the photocurrent.
Id is the diode current given by
𝑉

𝐼𝑑 = 𝐼0 [exp (𝑁 𝑉 ) − 1]
𝑠 𝑇

where V is the voltage imposed on the diode.

(3.2)

VT is the Thermal Voltage
𝑉𝑇 = 𝑘 𝑇𝑐 /𝑞

(3.3)

I0 is the leakage current of the diode (A) Tcis the actual cell temperature (K).
K is the Boltzman constant (1.381 x 10-23 J/K) qis the electron charge (1.602 x 10-19 C)
Ns is the number of PV cells connected in series and A is the the ideality factor depends
on PV Technology.
In real life, it is impossible to neglect current losses, so series resistance Rs and
Parallel resistance Rp are added to the circuit. Series resistances are caused by the
contact resistance between the metal contact and the silicon, the movement of current
through the emitter and the base of the solar cell and the resistance of the top and rear
metal contacts. While shunt resistance causes significant power losses typically due to
manufacturing defects rather than poor solar cell design. Figure 3.2 shows the real
circuit of a solar cell.

Figure 3.2 Real Life Equivalent Circuit of Solar Cell [21]

Adding series resistor will lead the revised Id as:
𝑉+𝐼𝑅𝑆

𝐼𝑑 = 𝐼0 [exp (

𝑎

) − 1]

(3.4)

where a is the thermal voltage given as
𝑎=

𝑁𝑆 𝐴 𝑘 𝑇𝐶
𝑞

= 𝑁𝑆 𝐴 𝑉𝑇

(3.5)

By applying Kirchhoff law to circuit in figure 2, output current will be is the
𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑝
where Ip is the current across Rp

(3.6)

The output current then is given as
𝑉+𝐼𝑅𝑆

𝐼 = 𝐼𝑝ℎ − 𝐼0 [exp (
where 𝐼𝑝ℎ =

𝐺
100

𝑎

) − 1] −

𝑉+𝐼𝑅𝑆
𝑅𝑃

(3.7)

[𝐼𝑆𝐶𝑅 + 𝐾𝐼 (𝑇 − 25)]

𝑇 3

and 𝐼𝑂 = 𝐼𝑜𝑟 (𝑇 ) exp[

𝑞𝐸𝐺𝑂
𝐵𝐾

𝑟

1

1

(𝑇 − 𝑇)]
𝑟

(3.8)
(3.9)

where Isc is the short circuit current.
In order to find the best model, several parameters have to be calculated. In [21], a
model of moderate complexity was used where the temperature dependence, of the
photo-current IL, and the saturation current of the diode I0. The series resistance RS
was included, but the shunt resistance was neglected.
The equations to describe the IV characteristics where as follows:
Photo current: 𝐼𝐿 = 𝐺

𝐺0

[1+ 𝐾0 (𝑇 − 𝑇1 )]

𝐼𝑆𝐶(𝑇2) −𝐼𝑆𝐶(𝑇1)

Where 𝐾0 =

𝑇 3/𝑛
𝑟

𝑞

(3.10)
(3.11)

𝑇2 −𝑇1

𝐼𝑂 = 𝐼𝑑0 (𝑇 )
𝐼𝑑0 =

𝐼𝑆𝐶(𝑇1)

1

1

exp[ − 𝑛𝐾 𝑉𝑔 (𝑇 − 𝑇)]
𝑟

𝐼𝑆𝐶(𝑇1)
𝑞𝑉𝑂𝐶(𝑇1)
exp(
−1)
𝑇1

(3.12)
(3.13)

In [14] Iph, I0, RS, RP were calculated. Photocurrent is calculated assuming that when
PV model is short-circuited, Iph = ISCRef , which is the short circuit current reference,
calculated at the standard test conditions (STC). So, the photocurrent:
𝐼𝑝ℎ =

𝐺
𝐺𝑟𝑒𝑓

(𝐼𝑝ℎ,𝑟𝑒𝑓 + 𝜇𝑠𝑐 ∆𝑇)

where G is the Irradiance (W/m2)
Gref is the Irradiance at STC= 1000 W/m2
∆T =Tc - Tc,ref (Kelvin)

(3.14)

Tc,ref is the Cell temperature at STC = 25+ 273 =298 K,
μSC is the Coefficient temperature of short circuit current (A/K), provided by the
manufacturer
Iph,ref is the Photocurrent (A) at STC.
Taking the most remarkable points at standard test condition: the voltage at open
circuit (I =0, V= Voc,ref),the current at short circuit (V =0, I= Isc,ref), and the voltage
(Vmp,ref) and current (Imp,ref) at maximum power, the reverse saturation current is:
𝐼0 = 𝐼𝑆𝐶𝑟𝑒𝑓 exp( −

𝑉𝑜𝑐,𝑟𝑒𝑓
𝑎

(𝑇

𝑇𝑐
𝑐,𝑟𝑒𝑓

3

𝑞𝜀

) exp[( 𝐴𝐾𝐺 )(𝑇

1

𝑐,𝑟𝑒𝑓

1

− 𝑇 )]
𝐶

(3.15)

Series and shunt resistors are calculated at maximum power point, Rs is first set to zero
and then slowly increased until experimental and theoretical MPP are equal, then Rpis
calculated using the following:
𝑅𝑝
=

𝑉𝑚𝑝,𝑟𝑒𝑓

𝐼𝑠𝑐,𝑟𝑒𝑓 − 𝐼𝑠𝑐,𝑟𝑒𝑓 {exp[

𝑉𝑚𝑝,𝑟𝑒𝑓 + 𝐼𝑚𝑝,𝑟𝑒𝑓 𝑅𝑠
+ 𝐼𝑚𝑝,𝑟𝑒𝑓 𝑅𝑠 − 𝑉𝑜𝑐,𝑟𝑒𝑓
𝑉𝑜𝑐,𝑟𝑒𝑓
𝑃𝑚𝑎𝑥,𝑟𝑥
]}
+
𝐼
{exp
(−
]}
−
𝑠𝑐,𝑟𝑒𝑓
𝑎
𝑎
𝑉𝑚𝑝,𝑟𝑒𝑓
(3.16)

At the end of that study Rs= 0.45 Ω and Rp= 310.0248 Ω.
In this thesis, parameters to be evaluated will be the series and shunt resistances as done
in [22]. First, equations of photocurrent and thesaturation current of the diode from
[22], which does not consider shunt resistance, were used to plot the IV and PV
characteristics. Then, Rs will be incremented from 0 until the maximum power point is
achieved at the maximum voltage at STC according to Table 3.1.Rp is then calculated
using equation (3.16) taken from [21].

Table 3.1 Parameters of PV at STC

Parameters
Maximum Power Point Pmp (W)
Maximum Current Point Imp (A)
Maximum Voltage Point Vmp (V)
Short Circuit Current Isc (A)
Open Circuit Voltage Voc (A)
Series Resistance Rs (Ω)
Noct (0C)
Coefficient temperature μsc (K0)
Kd
Cells Connected in Series Ns

Values
49
2.88
17
3.11
21.8
0.55
45
1.3 x 10
-72.5 x 10
36

Figure 3.3 shows the IV characteristics in Rs model without considering shunt
resistance. As series resistance increases, maximum voltage point decreases and
approaches the maximum power point (17V). When Rs= 0.9 Ω, curve showed MPP
maximum voltage point.

Figure 3.3 IV characteristics without Rp

Figure 3.4 shows the PV characteristics in Rs model without considering shunt
resistance. As series resistance increases, maximum power point decreases and
approaches the maximum power point (49 W). When Rs= 0.9 Ω, curve showed MPP
maximum power at 49W. Rp was found to be 185 after substituting Rs in (3.16).

Figure 3.4 PV characteristics without Rp

Figure 3.5 represents IV characteristics for the PV model using series and parallel
resistances at STC. MPP and maximum current were achieved at 17 V and that
verified our model. Imp was 2.85 at 17.004 V (Accurate voltage and current at 17 V
could not be measured due to the step size of the cursor in Matlab).

Figure 3.5 IV characteristics with series and parallel resistances

Figure 3.6 represents PV characteristics for the PV model using series and parallel
resistances at STC. MPP and maximum current were achieved at 17 V and that
verified our model. Pmp was 48.774 A at 16.7 V. (Accurate power and current at 17 V
could not be measured due to the step size of the cursor in Matlab).

Figure 3.6 PV characteristics with series and parallel resistances

Figure 3.5 shows that the open-circuit voltage of the cell is about 22Volt. As the current
of the cell increases, the voltage de creases and at short-circuit (voltage = 0) the current
is approximately 3.15 A. At open circuit and at short-circuit, no power is produced. At a
point of the maximum power point (MPP), maximum power is gained from the PV-cell.
Figures 3.7 and 3.8 show IV and PV characteristics at irradiance of 1000 W/m2 but
different temperatures. At a higher temperature, the open circuit voltage decreases to
16.25 V at 60 0C. The phenomenon has quite a large impact and it decreases the output
power to 34 was temperature increases from 250C to 60 0C.

Figure 3.7 V characteristics at G=1000 W/m2 different temperatures

Figure 3.8 PV characteristics at G=1000 W/m2 different temperatures

Figures 3.9 and 3.10 show IV and PV characteristics at different irradiances and
constant temperature of 25 0C. At a lower irradiation, the short-circuit current
decreases approximately linearly with irradiation It reaches 0.6A at irradiance of 200
W/m2. The open circuit voltage does notdecrease as much until a very low irradiation.
However, it is much more affected by thetemperature of the PV-cell.

Figure 3.9 IV characteristics at T=250C different irradiances

Figure 3.10 PV characteristics at T=250C different irradiances

3.2 PV Cell Simulation
The PV array block found in MATLAB Simscape Electrical Toolbox is built of strings
of modules connected in parallel. Each string consists of modules connected in series.
40 parallel strings were used each contains 10 series connected modules. Parameters of
the PV array are shown in Figure 3.11. Parameters were taken from Table 3.1. After
entering maximum power point, short circuit current, open circuit voltage and
temperature coefficient, Simulink will automatically measure light-generated current
IL, diode saturation current I0, diode ideality factor, series and shunt resistance. Shunt
and series resistances were the same as calculated in section 3.1.

Figure 3.11 Parameters of the PV Array

Figures 3.12 and 3.13 shows the IV and PV characteristics of a single PV module.
Same responses were plotted using Matlab in section 3.2. Figures 20, 21 and 22
verifies the PV model of this study.

Figure 3.12 IV Characteristics plotted in Matlab

Figure 3.13 PV Characteristics plotted in Matlab

Inputs of the PV Array are the irradiance and the temperature. A Look-up table block
from Simulink was used to determine the irradiance and temperature at specific times
during the day. The input of the look-up table is the clock to determine hour of the
day.
Temperature values were taken from the UAE weather conditions during March and
are shown in Table 3.2. Irradiance values for different hours in a day were measured
in the Smart Energy Lab. The experiment is illustrated in section 3.3.4 values are
shown in Table 3.3.

Table 3.2 Temperature at each Hour of the day

Time
00:00
01:00
02:00
03:00
04:00
05:00
06:00
07:00
08:00
09:00
10:00
11:00
12:00
13:00

Temperature
24
23
23
22
22
21
21
22
24
27
29
31
32
31

14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

31
31
29
29
27
26
26
25
24
24

Table 3.3 Irradiances at each Hour of the day

Time
00:00
01:00
02:00
03:00
04:00
05:00
06:00
07:00
08:00
09:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

Irradiance
0
0
0
0
0
0
314
478
607
703
800
960
1000
960
800
703
607
478
314
0
0
0
0
0

Outputs of the PV array block in Simulink are 5 signals vector shown in Table
3.4.

Table 3.4 m measurements of PV array in Simulink

Signal
1
2
3
4
5

Signal Name
V_PV
I_PV
I_diode
Irradiance (W/m)
Temperature (0C)

Definition
PV array voltage (V)
PV array current (A)
Diode current (A)
Irradiance (W/m2)
Temperature (0C)

Figure 3.14 shows the PV model in Simulink. A power gui block was used for
simulation ofthe Simscape block PV Array.

Figure 3.14 PV model in Simulink

3.3 PV Model Experimental
3.3.1 Calculation of Open Circuit Voltage
Open Circuit voltage (Voc) is the maximum voltage that a PV system can produce.
It occurs at zero current as shown in Figure 3.15. Open Circuit voltage is calculated
using equation 2.17.
𝑉𝑂𝐶 =

𝑛𝑘𝑇
𝑞

𝐼

ln(𝐼𝐿 + 1)
0

(3.17)

where IL is the Light Generated Current; I0 is the Saturation Current ; N is the ideality
factor; T is the temperature; K is the Boltzman constant (1.381 x 10-23 J/K); q is the
electron charge (1.602 x 10-19 C)

Figure 3.15 Open Circuit Voltage of the Solar Cell

The open circuit voltage changes with changing temperature, irradiance and
angle of incidence. [23-24]
Temperature: As temperature increases, the leakage current of the diode I0 increases
rapidly, due to changes in the intrinsic carrier concentration Ni. Voc is inversely
dependent on the leakage current, so the open circuit voltage decreases with increasing
temperature. [25]
Irradiance: The open-circuit voltage is not a linear function of the irradiance.
The maximum output voltage can be reached at low irradiance. [26]
Angle of incidence: Maximum output voltage will be reached when light
impinges perpendicularly. [27]
An experiment where conducted in the lab to measure the open circuit voltage
and compare it with the theoretical part done in section 3.1, we used:
Solar module CO3208-1B (figure 3.16) that has a lamp that can emit light with
different intensities (irradiances). Also, the azimuth and elevation angles of the
lamp can vary, so that it canpresent different positions of the sunlight to enable
studies of the solar panel power during a day where sun position varies.

Figure 3.16 Solar module CO3208-1B

The analog/digital multimeter CO5127-1Z shown in Figure 3.17 used to measure the

Figure 3.17 Analog/digital multimeter

voltage and current.
The analog/digital multimeter CO5127-1Z can also measure the following parameters:
voltage, current , active power, apparent power, reactive power and cosine φ.
Procedure:

1. Wiring was done as shown in Figure 3.18.
2. The sun and panel angles were set to 0°
3. The elevation angle was set to 90° so that the halogen lamp is
positioned perpendicularly over the solar module.
4. The multimeter was turned on and voltage display mode was selected.

5. Moving the dimmer’s slide control generate different irradiances. This results
in five different positions for the control, the lowest irradiance corresponding
to position 0/4, the highest to 4/4 as shown in Figure 3.19.

Figure 3.18 Connecting the Solar Modle to the Multimeter to Measure the Voltage

Figure 3.19 Different Irradiance Level

Voltage were measured at different irradiances. Data was recorded in Table 3.5 and
plotted in Figure 3.20.
Referring to Figure 3.20 it is clear that after certain irradiance (100 W/m2) the voltage is
nearly constant. The rapid variation in voltage is shown at irradiances below 100 W/m2
So open-circuit voltage is not a linear function of the irradiance. The open circuit
voltage can be calculated at the maximum irradiance from the PV module, which is 22
V. Theoratically, in section 3.1 Figure 3.5 was plotted in Matlab shows that the open
circuit voltage is 21.8 V which is approximately the same as the measured value.

Table 3.5 Voltages at Different Dimmer Positions and Irradiances

Figure 3.20 Voltages vs. Irradiances

3.3.2 Measurement of Short-Circuit Current
The short-circuit current Isc is the largest possible current a PV cell can supply. It
is measured when the voltage of the PV cell is zero (Figure 3.21) this current is
measured using an ammeter with a very low internal resistance connected directly
to the PV cell’s terminals.

Figure 3.21 Short Circuit Current

Short circuit current changes with changing temperature, irradiance and angle
ofincidence.
Temperature: As temperature increases, the leakage current of the diode I0
increases rapidly, due to changes in the intrinsic carrier concentration. So the short
circuit current increases.
Irradiance: the short circuit current is a linear function of the irradiance. The
maximum output current can be reached at the maximum irradiance. [28]
Angle of incidence: Maximum output voltage will be reached when light
impinges perpendicularly.
An experiment where conducted in the lab to measure the short circuit current
and compare it with the theoretical part done in section 3.1
Procedure:

Same equipment was used for measuring the short circuit current and the open circuit
voltage, but connecting with the multimeter differs. Here, the positive terminal of the
solar module was connected to the I pin of the multimeter as shown in Figure 31.
1. Wiring was done as shown in Figure 3.22.
2. The sun and panel angles were set to 0°
3. The elevation angle was set to 90° so that the halogen lamp is
positioned perpendicularly over the solar module.

4. The multimeter was turned on and current display mode was selected.
5. Current of the solar module was measured at different irradiances by
moving the dimmer’s slide control. Data was recorded in Table 3.6 and
plotted in Figure 3.24.

Figure 3.22 Connection of the Solar Module with the Multimeter to Measure the Current
Table 3.6 Current as function of Irradiance

Figure 3.23 Current as function of Irradiance

Referring to Figure 3.23 it is clear that the current is linearly dependent on the irradiance.
The short circuit current of this solar module, which is the maximum current generated
from the solar module, is 210 mA. The maximum irradiance for the solar module used is
380 W/m2. In our model, the maximum irradiance is 1000 W/m2. Due to the fact that, the
current is linearly dependent on the voltage we can calculate the currentat the maximum
irradiance of 1000 W/m2.
Line equation that describes the relation between current and irradiance is given
as follows:
Y=0.5 x for x<240

(2.18)

Y= 0.7142x for x>240

(2.19)

So the current at 1000 W/m2 is 714.2 mA which is much less than the theoretical
calculation shown in Figure 3.9.
Same experiment was done after few minutes. A big change in the current values was
noticed as shown in Table 3.7 and Figure 3.24.
Table 3.7 New Values of Current as function of Irradiance

Figure 3.24 New Values of Current as function of Irradiance

A new equation that describes the relation between the current and irradiance is obtained
from the new measured values.
Y= x for x<100

(2.20)

Y= 1.142x for x>100

(2.21)

Then, the current at 1000 W/m2 is 1.142 A which is much less than the theoretical
calculation shown in Figure 3.9. The experimental short circuit current measurement was
not accurate since it is highly dependent on irradiance and temperature, so its value will
change at different times as the temperature of the solar module will change by time as
long as the lamp is on that causes an increase in its temperature. The theoretical value of
the short circuit current which is 3.11 mA was considered in this study.

3.3.3 Recording IV Characteristics
IV characeristics at variable irradiance of the solar module was plotted in the smart
energy lab using X/Y plotter of the virtual instrument in LabSoft.
1. The sun and panel angles were set to 0°
2. The elevation angle was set to 90° so that the halogen lamp is positioned
perpendicularly over the solar module.
3. The solar module was connected to the multimeter as shown in Figure 3.25.
4. Analog/digital multimeter’s X/Y plotter was opened using virtual
instrument in LabSoft.
5. Setting of the X/Y plotter were adjusted as shown in Table 3.8 and 3.9:
Table 3.9 X/Y Plotter Settings

X/Y Plotter Settings
Axis

Parameter

Maximum

Division

X

Vrms

22 V

2V

Y

Irms

0.3A

0.02 A

Table 3.8 Measurement Ranges

X/Y Plotter Settings
Parameter

Range

Mode

Voltage

30 V

AC+DC

Current

1A

AC+DC

6. Irradiance of the solar module was set to its maximum value: 380 W/m2.
7. The circuit was short circuited. (Potentiometer was set to 0 Ω)
8. Potentiometer were slowly moved to its maximum value, at that time the X/Y
plotter was recording the V/I characteristics.

Figure 3.25 Connection of the Solar Module with the Multimeter to Measure the Current

Figure 3.26 shows the IV characteristics of the Solar Module. Open Circuit voltage
is the intersection of the curve with the x-axis when the net current is zero. It is the
same as the experimental value measured in the first experiment “Measurement of
the Open Circuit Voltage” which is 21.8 V. However, the short circuit current is
250 mA which differs from the theoretical value (3.11 mA) since the maximum
irradiance in the theory part is 1000 W/m2 and the maximum irradiance of the solar
module is 380 W/m2. Also, as discussed in the second experiment the current is
highly dependent on the temperature, so the more the lamp is on, the more the solar

module is exposed to the light and the higher temperature will produce higher
current. This experiment was done after the measurement of the first values in
Table 3.6 when the short circuit current was 210 mA and before the measurement
of the second values in Table 3.7 when the short circuit current was 420 mA. This
verifies that the longer time the solar module is exposed to light the higher values
of current will be produced.

Figure 3.26 IV characteristics of the Solar Module

3.3.4 Recording daily irradiance
Irradiance refers to the intensity of sunlight. It is zero during the night when there is no
sun, and starts increasing gradually until it reaches maximum value at 12:00 when the sun
is at the middle of the sky and then it started decreasing gradually until it reaches again a
zero value at night.
It is impossible to measure the irradiance directly through the multimeter. Since the
current is linearly proportional to the irradiance, it will be used to measure the
irradiance.

Procedure
1. Solar module will be connected to the multimeter to measure the current,
sameconnection will be done as in the second experiment.
2. Solar Calculator was opened using virtual instrument in LabSoft. This
instrument can compute the sun position.
3. Setting of Solar Calculator were adjusted as follow:
Table 3.10 Settings of the Solar Calculator

Settings
Date

22.06.2019

Time

04:00:00

Latitude

52.50 north

4. Panel angle was set to zero, the sun's and elevation angle to the calculated
values, and lamp was adjusted to the maximum brightness.
5. The short-circuit current was measured for different hours of the day. Results
are shown in Table 3.11.
As discussed before, the current measurement is not accurate since it depend on the
temperature, and the more the solar module is exposed to light the higher the
temperature.
To measure the daily irradiance, it is required to find the equation that relate the
current with the irradiance. Second experiment (Measurement of the Short Circuit
Current) showed different equations during different times. We will depend on the
theoretical values to find that equation. Suppose that the maximum irradiance is 1000
W/m2 and it happens at 12:00. At 12:00 the current must be 3.11 A. Current at
maximum power point is maximum which is 3.11 mA. If the relation between the
current and the irradiance was considered perfectly linear. We still need one point to
conclude the equation that relates the current with the irradiance, which is (0,0) since
at zero irradiance there is a zero current. So, equation will be: y=1/0.00311x

Table 3.11 Daily Current of Solar cell

3.4.5 Maximum Power Point Tracking
PV module produces variable power depending on irradiance and temperature and it
reaches maximum power point, product of Vmpp and Impp, at specific irradiance and
temperature. Maximum Power Point Tracking (MPPT) algorithm is used to extract
maximum power from renewable energy resources like wind turbines and PV, under all
conditions, since they produce variable power due to their intermittency nature [28][29].
Its main objective is to find the maximum power point and keep the load resistance,
characterized by the I-V curve, at that point. MPPT devices are integrated into an electric
power converter system that provides current or voltage conversion, regulation for
driving various loads. Solar inverters convert the DC power to AC power and can
incorporate MPPT. It samples the output power (I-V curve) from the solar modules,
which is obtained at maximum irradiance, and apply the proper resistance, to obtain peak

power point.
The operating point of the connected load will be at its maximum value only for few
minutes. This can be controlled using resistance seen by the panel. Varying it will move
the operating point towards peak point. Converters are used to transform the source
impedance circuit to the load impedance circuit. PV systems are DC devices, so DC-DC
converters can be used. Changing the duty ratio of the DC-DC converter results in an
impedance change. MPPT algorithms adjust the duty ratio after sampling the panel
currents and voltages.
Many researchers has proposed different strategies to extract maximum power form PV
using MPPT algorithm. In [30] tracking maximum power point using linear relationship
between maximum voltage and open circuit voltage. In [31] the author used a look-up
table to track techniques with measurement and comparison. The use of microcontrollers
in power systems enables the implementation of AI techniques. In [32] Artifical Neural
Network (ANN) MPPT controller was proposed based on fixed and variable step size, is
proposed.In this work number of layers and neurons, parameters of training algorithim of
the MPPT Controller were generated and then used in PV system.
Perturbation and Observation (P&O) technique is widely used. Its main advantage is that
it is independent on PV generator characteristics, like solar intensity and cell temperature
and can be implemented in analogue and digital circuits. It perturbs the operating point
to let the voltage fluctuate around the maximum power point voltage despite the variation
of irradiance and temperature[33]. This strategy is widely used because of its simplicity
and efficiency. However, it lacks fast adaptability which is important to track fast
transients under varying environment conditions[34][35][36]. In this research,
incremental conductance MPPT is used. The IncCond method is the one which overrides over
the aforementioned drawbacks. In this method, the array terminal voltage is always adjusted
according to the MPP voltage. It is based on the incremental and instantaneous conductance of
the PV module[37-40].

Solar Inverter was used in this experiment to control the output voltage and current of the
solar module. Wiring was done as shown in Figure 3.27. The virtual Instrument Solar
Panel in LabSoft read the maximum power point as shown in Figure 3.28. For irradiance
of 100% the maximum power was 1440 W at current 4.01 A and voltage 359 V. Same

value of the power is shown in the inverter screen. The blue line represents the IV
characteristics of the solar module. The pink line represents the PV characteristics of the
Solar panel.

Figure 3.27 Wiring of the MPPT Experiment

Figure 3.28 MPPT at 100% irradiance

When the irradiance is set to 50% with shadow and shading to 0% as shown in Figure 3.29.
The maximum read power was 720 W at current 1.99 A and voltage 362 V which is the
half of the previous power and current. So, the irradiance and the PV power and current
are linearly proportional. However, voltage increase after decreasing the irradiance by 3V
only. The blue line represents the IV characteristics of the solar module. The pink line
represents the PV characteristics of the Solar panel.

Figure 3.29 Solar Panel Virtual Instruments

Chapter 4
Modelling of Storage System
4.1 Definition
Energy Storage Systems (ESS) have been used in conventional power systems for some
time. With the wide use of smart grids, ESS are becoming of more importance due to the
use of renewable energy resources which can not satisfy the load demand at all times due
to their intermittency nature. Hence, energy from these resources must be stored when the
generated power exceeds the power demand, so it can be used later to satisfy load demand.
ESS are of many types, compressed air, super capacitor, flywheel, pump storage and
batteries. Selection of the suitable battery energy storage system depends on many factors
including capacity, performance and cost. The most commonly used energy storage system
is the battery energy storage system (BEES)[41]. Batteries can convert electrical energy
into chemical energy while charging, and convert back into electrical energy while
discharging.
The rechargeable battaries have been enhanced from lead acid to nickel-based battery and
then to lithium ion battaries. Litihium-ion battery is a relatively new technology that was
first commercialized in 1991[42]. Lithium-ion batteries are known to their following
advantages[43]:
1. High energy density: large scale ESS require the use of specific energy and energy
density [44][45]. At early stages, Li-ion battery were of energy density of order 200
Wh/L. In 2012, energy density was enhanced to reach order of 725 Wh/L. [46]
2. Long life time: Current Li-ion technology under test in-grid connected system is
used. It has a lifetime of 20 years at 60% depth of discharge (DOD) per day. At
100% degree of discharge the battery can operate over 6000 cycles.
3. High Efficiency: 94% efficient over 100% Degree of discharge. Efficiencies of
98% have been found for small discharges in case the battery is close to full charge.
91% is the maximum efficiency drop owing to cells’ age, which is much more
efficient compared to other technologies. [47][48]
The disadvantages of Li-ion batteries are:
1. Lifetime will be shortened in case it was completely discharged.
2. Discharging a battery with high currents cause damage.
These disadvantages are commonly avoided by using electronic circuits for management
of charging and discharging processes of the battery.

4.2 Storage System Modeling
Figure 4.1 shows the equivalent circuit of the battery Model implemented in Matlab. It
contains the internal resistance and the voltage controlled source. This voltage source is
controlled by the charging and discharging voltage which depend on the battery type.

Figure 4.1 Battery Model in Matlab [49]

For Lithium ion battery the mathematical models are as follows: [49]


Discharge Model (i* > 0)
𝑓1 (𝑖𝑡, 𝑖 ∗, 𝑖) = 𝐸0 − 𝐾



Charge Model (i* > 0)
𝑓2 (𝑖𝑡, 𝑖 ∗, 𝑖) = 𝐸0 − 𝐾













𝑄
𝑄
𝑖 ∗ −𝐾
𝑖𝑡 + 𝐴 exp(−B. it)
𝑄 − 𝑖𝑡
𝑄 − 𝑖𝑡

𝑄
𝑄
𝑖 ∗ −𝐾
𝑖𝑡 + 𝐴 exp(−B. it)
0.1𝑄 + 𝑖𝑡
𝑄 − 𝑖𝑡

where
EBatt: nonlinear voltage, in V.
E0: constant voltage, in V.
Exp(s):exponential zone dynamics, in V.
Sel(s) represents the battery mode.
Sel(s) = 0 during battery discharge, Sel(s) = 1 during battery charging.
it: extracted capacity, in Ah.
K: polarization constant, in V/Ah, or polarization resistance, in Ohms.
i*: low-frequency current dynamics, in A.
i: battery current, in A.
Q: maximum battery capacity, in Ah.
A: the exponential voltage, in V.
B: the exponential capacity, in Ah−1.
4.2.1. Battery Discharge Characteristics:
Figure 4.2 shows the typical discharge characteristics of the battery. This relationship
depend on the battery type and discharging characteristics. The first section represents the
exponential voltage drop when the battery is charged. The width of the drop depends on
the battery type. The second section represents the charge that can be extracted from the

battery until the voltage drops below the battery nominal voltage. Finally, the third section
represents the total discharge of the battery, when the voltage drops rapidly.

Figure 4.2 Battery Discharge Characteristics graph [48]

4.2.2 Battery Charge Characteristics:
The charge characteristic curve is shown in Figure 4.3. When the battery voltage
increases the battery recharges.

Figure 4.3 Discharge Characteristics graph [48]

The model parameters are derived from the discharge characteristics. The discharging and
charging characteristics are assumed to be the same.
The exponential area represents the hysteresis phenomenon for the lead-acid, nickelcadmium (NiCD), and nickel-metal hydride (NiMH) batteries during the charge and
discharge cycles. The exponential voltage increases when a battery is charging, regardless
of the battery's state of charge. When the battery is discharging, the exponential voltage
decreases immediately.
Nominal voltage and standard capacity for each battery are extracted from datasheets.
Table 4.1 shows the data sheet specifications. Other parameters are extracted from the
discharge curve characteristics Figure 4.3 shows the required discharge curve points and
other required parameters.

Table 4.1 Panasonic Lithium-Ion CGR18650AF data sheet

Nominal Voltage
Standard Capacity *1
Diameter
*2
Dimensions
Height
Weight

3.6 V
2050 mAh
18.6 + 0/-0.7 mm
65.2 + 0/-0.1 mm
Approx. 42.5g

1* After a fresh battery has been charged at constant voltage/constant current( 4.2 V,
1365 mA (max), 100 mA cut-0ff, 25 0C) that is discharged at a standard current (390
mA).
2* Dimensions of a fresh battery.

Figure 4.4 discharge curve of Panasonic Lithium-Ion CGR18650AF

From Figure 4.4, as the temperature increases the voltage increases the following
parameters were extracted from the graph and shown in Table 4.2.
A single battery of fully charged voltage of 4.2 V is not enough for a Microgrid
modeling. Several batteries must be conneted to increase capacity, nominal voltage, fully
charged voltage and nominal discharge current. For connected batteries, parameters will
be as shown in Table 4.3

Table 4.2 Extracted Parameters of the Panasonic Lithium-Ion CGR18650AF

Parameter
Nominal Voltage (c)
Rated Capacity
Maximum Capacity (d)
Fully Charged Voltage (a)
Nominal Discharge current
Internal resistance (estimated)
Capacity at nominal voltage (c)
Exponential zone (b)
Nominal ambient temperature
Second ambient temperature
Maximum capacity at 00C (h)
Initial discharge voltage at 00C (e)
Voltage at 90% maximu capacity at 00C (g)
Exponential Zone at 00C (f)
Thermal resistance, cell-to-ambient (estimated)
Thermal time constant, cell-to-ambient (estimated)

Value
3.3 V
2.05 Ah
2 Ah
4.2 V
1.95 A
16.5 mΩ
1.81 Ah
[3.71 V, 0.6 Ah]
250C
00C
1.78 Ah
4V
3.11 V
[3.8 V, 0.2 Ah]
0.06
1000

Table 4.3 Parameters of Connected Batteries

Parameter
Nominal Voltage
Rated Capacity
Maximum Capacity
Fully Charged Voltage
Nominal Discharge current
Internal resistance (estimated)
Capacity at nominal voltage
Exponential zone

Value
1.18 *Nb_ser
6.5 *Nb_par
7 *Nb_par
1.39 *Nb_ser
1.3 *Nb_par
0.002 Nb_ser/ Nb_par
6.25 *Nb_par
1.18 *Nb_ser, 1.3 *Nb_par

Battery Modeling:
Panasonic Lithium-Ion CGR18650AF Lihium Ion Battery is used. 36 batteries are
connected in series and 125 batteries are connected in parallel here for a rated capacity of
800 Ah and the nominal voltage will be 130 V. BESS was summed to have initial charge
of 100%. Temperature effects are neglected in this study, since the difference between
maximum and minimum temperature used in the PV model in section 3.3 is 90.
Figure 4.5 shows the BESS Parameters. Figure 4.6 shows the BESS discharging
characteristics that were inherit from the nominal parameters.

Figure 4.5 Lithium-ion Battery Parameters

Figure 4.6 Lithium-ion Battery Discharge Parameters

Chapter 5
Fuel Cell Modeling
5.1 Definition
Fuel cells are electromechanical devices that use hydrogen or hydrogen rich fuel with
oxygen from air to produce heat and electricity.It is becoming of wide intereset. [50-52]
This technology is used in stationary power generators, portable power generators,
distributed power generators, micro power generators and auxiliary power generators for
the automotive market, transportation and power systems. [53]
Fuel cells (FCs) can operate continuously unlike wind and pv systems that are dependent
on weather conditions, also they don’t require charging. FC provides clean, pollution-free,
flexible, highly efficient, and promising energy resource for Microgrid applications.
Furthermore, they have the ability to store higher calorific value, in the hydrogen form,
compared to the chemical energy that may be stored by using most other materials and the
capability to supply energy for a relatively longer time. [54][55]
FCs transfer of chemical energy to electrical energy continuously, inputs are the hydrogen
and oxygen, thermal energy and the water are formed in the process. [56] FC technologies
are made up of four major components, viz., cathode, anode, electrolyte, and the external
circuit, as shown in Figure 5.1. [57]

Figure 5.1 Basic diagram of the FC.

The oxygen is reduced to oxides and the hydrogen fuel is oxidized into protons and
electrons at the anode, reaction to form water occurs at the cathode [58]. Besides, either
protons or oxide ions travel via the electrolyte, while the electrons are transported by way
of the external circuit to generate direct current (DC) as output. At the interface with the
cathode, a reaction is created with oxygen which led to the formation of water and
development of heat, owing to the exothermic process [59].
The excess hydrogen can be used again by the fuel cell since it is fed back to the fuel tank
as shown in Figure 5.1.
The reactions are represented by Equations 5.1-5.2 [60]. The reaction at the anode
hydrogen electrode, is described by Equation 5.1. The reaction at the cathode oxygen
electrode of the Fuel cell is represented by Equation 5.2.

The overall reaction is

reperesented by Equation 5.3.
2H2  4H+ + 4e-

(5.1)

O2 + 4H+ + 4e-  2H2O

(5.2)

2H2+ O2  2H2O + Energy (Electrical and Thermal)

(5.3)

The quantity of current produced by the fuel cell is limited by a small area between
electrodes, electrolytes and the reactants. Also, by the distance between the anode and the
cathode. Efficiency and current production can be enhanced by integrating a thin layer of
electrolyte with flat “porous electrode”. A single cell can produce about 1V only, but
arrangement of multiple cells will form fuel cell stack that can produce a considerable
amount of voltage. [61] The DC output of the FC stack may also be used to power DC
appliances or load without the need for an inverter or employed to develop a DC Microgrid.
FC is similar to battery systems. Both have same electrochemical characteristics. However,
energy can be produced by batteries only if chemical reactants stored within the battery are
available. FC can produce energy continuously and without charging and are considered
as emission free source of energy. [61]

Advantages of FC:


Higher Efficiency: The fuel used directly produce energy. Then, limitations
derived from the Carnot thermic cycle is not an issue.



Low Chemical, Acoustic, and Thermal Emissions: fuel cells emit less carbon
dioxide and nitrogen due to low fuel oxidation temperature.



Modularity and Siting Flexibility: One fuel cell can produce only 1V output.
However, FC can be stacked on top of each other and connected in series. The stack
can produces few hundreds of Watt power to seversl hundreds of kilo watt power
depending on the number of cells.



Low Maintenance: it is easy to localize and substitute a damaged cell inside a
stack.

Disadvantages of FC:


High Cost: Fuel cells costs are high for stationary electric generation (€/Wh).



Unknown Life cycle: for most fc technologies especially high temperature
technology degradation time is unknown.



Expensive reactants: Hydrogen is expensive and doesn’t exist a network for
production and distribution.

5.2 Modeling
5.2.1 Steady-State Model
Figure 5.2 shows the steady state fuel cell V–I characteristics of fuel cells. It can be
computed based on physical foundations of fuel cells. Parameters can be obtained from
the manufacturer’s datasheet. However, modeling a fuel cell require some parameters to fit
the model. These parameters can be determined from experimentation and available
literature. [62-64]

Figure 5.2 V-I characteristics of Matlab Model

5.2.2 FC Model
Figure 5.3 shows the simplified model of the fuel cell stack implemented in Matlab. This

FC operate at nominal conditions of temperature and pressure. Polarization curve can be
obtained from the manufacturer’s datasheet and parameters of the equivalent electrical
circuit can be modified accordingly.

Figure 5.3 Equivalent circuit of a fuel cell stack.

Activation region showed the voltage drop due to slow chemical reactions at the electrode
surfaces. This region can be less or more wide depending on type of electrode, temperature
and operating pressure, and catalyst used. Ohmic region is represents the resistive losses
resulting from the internal resistance of the fuel cell stack. Finally, mass transport region

represents losses of the mass transport due to the change in concentration of reactants as
the fuel is used.
5.2.3 Detailed Model
Figure 5.4 shows the detailed model of the fuel cell stack. Variable parameters, that
control the output the exchange current (i0) and open circuit voltage (Eoc) are pressures,
temperature, compositions and flow rates of fuel and air.

Figure 5.4 Detailed Equivalent Circuit

Exchange current (i0) and Tafel slope (A) vary as follows:
𝐸𝑜𝑐 = 𝐾𝑐 𝐸𝑛
𝑖0 =

𝑧𝐹𝑘 (𝑃𝐻2 + 𝑃𝐻2 )∆𝑣
𝑅ℎ

(5.4)
−∆𝐺

𝑒 𝐾𝑇

𝑅𝑇

𝐴 = 𝑧𝛼𝑇
where:

R = 8.3145 J/(mol K)
F = 96485 A s/mol
z = Number of moving electrons

(5.5)
(5.6)

En = Nernst voltage, which is the thermodynamics voltage of the cells and depends on the
temperatures and partial pressures of reactants and products inside the stack (V)
α = Charge transfer coefficient, which depends on the type of electrodes and catalysts used
PH2 = Partial pressure of hydrogen inside the stack (Pa)
PO2 = Partial pressure of oxygen inside the stack (Pa)
k = Boltzmann's constant = 1.38 × 10–23 J/K
h = Planck's constant = 6.626 × 10–34 J s
Δv = Activation barrier volume factor (m3). The size of activation barrier (ΔG) is computed
assuming Δv = 1 m3.
ΔG = Size of the activation barrier which depends on the type of electrode and catalyst
used (J/mol)
T = Temperature of operation (K)
Kc = Voltage constant at nominal condition of operation
Block A outputs are the The rates of utilization of oxygen are hydrogen, determined as
follows:

(5.7)

(5.8)

where
Pfuel = Absolute supply pressure of fuel (atm)
Pair = Absolute supply pressure of air (atm)
Vlpm(fuel) = Fuel flow rate (l/min)
Vlpm(air) = Air flow rate (l/min)

x = Percentage of hydrogen in the fuel (%)
y = Percentage of oxygen in the oxidant (%)
N = Number of cells
The 60000 constant comes from the conversion from the liter/min flow rate used in the
model to m3/s (1 liter/min = 1/60000 m3/s).

5.3 Modeling FC using Simulink
Figure 5.5 shows the Simulink model for the Proton Exchange Membrane (PEM). A fuel
flow control is required to control the fuel flow that in return controls the output current
and voltage of the FC. This subsystem will be controlled by the output current of the fuel
cell. Initially, the fuel will flow exponentially until the nominal current is reached. Then,
the fuel flow will increase rapidly so the nominal voltage will be reached.
Parameters to be measured at the output of the FC are: current in (A), voltage (V), power
(W), utilization percentage of oxygen and hydrogen, stack consumption of air and fuel in
Ipm and stack efficiency percentage.

Figure 5.5 Modeling Fuel Cell Stack Using Simulink

Proton Exchange Membrane (PEM) Fuel Cell Stack parameters where as follows:
Nominal voltage: 45 V
Nominal current: 133.3 A and
Nominal power: 6 kW.
Maximum operating voltage: 37V
Maximum operating current 225 A.

Nominal air flow: 300 Ipm 65 fuel cells arranged to form this stack.
Nominal composition: Hydrogen 99.5%, oxygen 21% and water is 1%.
Nominal Supply pressure: 1.5 bar fuel and 1 bar air.

Chapter 6
Microgrid Control
6.1 DC-DC Converters:
Converters are widely used to control the power flow, voltage, system balancing, maximum
power point tracking and fault protection. [65] Converters switched mode power supplies,
which can convert the DC voltage from one level to another. [66] It can step up or step
down the dc voltage source. Stepping up the voltage means stepping down the current and
vice versa.
The dc-dc converters are widely used for traction motor control in electronic automobiles,
trolley cars, marine hoists, forklift trucks, and mine haulers. They provide smooth
acceleration control, high efficiency, and fast dynamic response. DC-DC converters can be
used in regenerative braking of dc motors to return energy back into the supply, than this
feature results in energy savings for transportation systems with frequent stops. [67] DC
converters are used in dc voltage regulators and also are used in conjunction with an
inductor, to generate a dc current source, especially for the current source inverter.
DC-DC converter is equivalent to an ac transformer with a continuously turns ratio.
Transformers can change the input voltage to a desired output voltage and the converter
can do so. The output voltage comes only from the input voltage, no voltage is
manufactured inside the converter, and there is only a change in the impedance level. This
leads to the power balance:

Pin= Pout + Plosses

(6.1)

Where Pin is the power fed to the converter and Pout is the output power coming out from
the converter and Plosses is the power wasted inside the converter. For a perfect converter,
Plosses = 0, and efficiency is 100%. In fact, there is no perfect converter or transformer,
hence the concept of efficiency was introduced as follows:

Efficiency(%) = Pout/Pin

(6.2)

Figure 6.1 illustrates voltage regulation technique. For the circuit shown in figure 50a if Vs
= 100 V and it is required to step down the voltage to 25 V with R L= 10 Ω, the variable
resistance must increase to 30 Ω to absorb quarter of the input power. The current will be
I=V/R=2.5 A
The output voltage would be
In this circuit the efficiency would be
%Efficiency = VOut=VIn = 25/100 = 25%
The majority of the power being dissipated as heat through the variable resistor. The
lower the output voltage required the lower the efficiency of the circuit. A switched mode
converter uses a transistor instead of a variable resistor to control the output voltage as
shown
In Figure 6.1b. When the switch is closed input voltage and output voltage are equal and
when the switch is open output voltage is zero. The duty cycle, the fraction of a period that
the switch is on, is adjusted in order to
control the output voltage. All power will be absorbed by the load in the switched-mode
converter, hence there is no power losses and the converter is 100% efficient. [68]

Figure 6.1 Voltage Regulation

6.1.1 Types of DC-DC Converter
There different kinds of DC-DC converters. A variety of the converter names are included
here:
1. The BUCK converter
2. The BOOST converter
3. The BUCK-BOOST converter

4. The CUK converter
5. The Fly-back converter
6. The Forward Converter
7. The Push-pull Converter
8. The Full Bridge converter
9. The Half Bridge Converter
10. Current Fed converter
11. Multiple output converters
Three types are mainly used for controlling the components of the DC-DC converters,
Buck converter, Boost converter, Buck-Boost converter. All of them are switched
converters which operate by periodically opening and closing a switch.

6.1.2 The Buck Converter
Figure 6.2 shows the representative circuit of the buck converter, it is composed of a switch,
diode, inductor and capacitor. The buck converter steps down the voltage level from the
input voltage to the desired level. It is simple and of low cost. Operation of the Buck
converters start with a switch that is open (so no current flow through any part of circuit).
Closing the switch will allow the current to flow through the inductor. The inductor pulls
current through the diode, which will lower the voltage at the inductors output. A control
circuit used for controlling the switch monitors the output voltage to reach a desired level
by switching the switch on and off at a fixed rate. By varying the switch duty cycle, the
output voltage will vary accordingly. A duty cycle of 25% gives a step-down ratio of 4:1,
for example, as needed for a 48/12V stepdown converter.

Figure 6.2 : Buck Converter

The key to determine the output voltage is to examine the inductor voltage and current first
when the switch is closed and then when the switch is open. For the steady state operation
the net change in inductor current and voltage over one period must be zero.
There is a low pass filter after the switch that obtain a purely DC output. The output voltage
is changed by varying the duty cycle. The output of the buck is calculated by the equation
below with the responses plotted in Figure 6.3
Vo=VsD

(6.3)

Where
D is the duty cycle.
Vs is the input voltage

Figure 6.3 Buck Converter Response

6.1.3 The Boost Converter:
Boost converter components are the same as in Buck converter but arranged differently as
shown in Figure 6.4 in order to boost the output voltage. When the switch is closed the
inductor store energy and there is no current delivered to the load or the diode, energy will
be supplied by the capacitor charge. Energy stored in the inductor will be delivered to the
load to boost output voltage and recharge the capacitor when the switch is open. [66]
Inductor immediately reverse its electromagnetic field to opposes any drop in current.
Voltage can be controlled by varying the duty cycle. Equation 6.4 shows the relation
between duty cycle and output voltage.
𝑉𝑂 =

𝑉𝑠
1−𝐷

(6.4)

Figure 6.4 Boost Converter

Figure 6.5 shows relation of the output voltage and the duty cycle.

Figure 6.5 Boost Converter Output

The inductor must be large enough in order to keep the current positive and in continuous
operation. The inductor is calculated using equation
𝐿𝑚𝑖𝑛 =

𝐷(1−𝐷)2 𝑅

(6.5)

2𝑓

where
Lmin : is the minimum inductance required for continuous operation
D: duty cycle
R: load resistance
f: the switching frequency.
A graph of the inductor values vs. duty cycle for 10 Ω load and 5kHz was drown in Figure
6.6.

Figure 6.6 Minimum Inductance Determination

From Figure 6.6, it is clear that the largest minimum inductance allowed for continuous
current operation is 150 μH when the duty cycle is around 0.35.
The voltage ripple can be minimised by having a larger capacitor on the output. The voltage
ripple can be calculated using Equation 6.6.
∆𝑉𝑜
𝑉𝑜

𝐷

= 𝑅𝐶𝑓

(6.6)

where Vo: is the output power
C: capacitance of capacitor C.

6.1.4 The Buck-Boost Converter
Boost converter components are the same as in Buck converter but arranged differently
as shown in Figure 6.7. This converter is also known as inverting regulator. [69]

Figure 6.7 Buck-Boost Converter Circuit

When the switch is closed, the current flows through the inductor storing energy in the
magnetic field. The diode is connected in the reverse biased, so no current can flow through
it to the diode. The stored energy in the capacitor will supply the load. When the switch is
open, a voltage from the inductor will be produced which forward biases diode and current
flow through the load and charge the capacitor.
The buck boost converter operation is a combination of the buck and boost converter, it
can lower or higher the output voltage according to the duty cycle, it is lower than 0.5 the
output voltage will be less than the input voltage, else it will be more than the input voltage.
Equation 6.7 shows the relation between duty cycle and output voltage.
𝑉𝑂 =

−𝑉𝑠 𝐷
1−𝐷

(6.7)

Figure 6.8 buck- Boost Converter Output

As shown in Figure 6.8 Buck-Boost converter acts also as an inverter since the output
voltage is always reversed in polarity with respect to the input.
In order to operate in continuous current mode the minimum inductance can be calculated
with equation 6.7 and the output voltage ripple can be calculated with the same equation
for the boost converter with Equation 6.8. [66]
𝐿𝑚𝑖𝑛 =

(1−𝐷)2 𝑅

(6.8)

2𝑓

A graph of the inductor values vs. duty cycle for 10 Ω load and 5 kHz was drown in Figure
6.9.

Figure 6.9 Minimum Inductance Determination

From Figure 6.9 it is clear that the largest minimum inductance allowed for continuous
current operation is 1000 μH when the duty cycle is zero.

6.2 PV system Control
Controlling PV system is a challenging task since output voltage is variable depending on
daily irradiance. A boost converter of 5 kHz and 300 V reference is used to control the

output of PV system, this boost converter is controlled by MPPT (incremental conductance
+ integral regulator).
Figure 6.10 shows the MPPT used for control of boost converter. Output voltage and
current of the PV system are the inputs to the MPPT subsystem. A Deblock is used to
switch MPPT on or off. MPPT subsystem is shown in Figure 6.11. Output of the MPPT is
the DC voltage reference subtracted from the Duty cycle and then used to generate pulses
of the Pulse Width Modulation of frequency 5 kHz and initial value of 0.25. DC converter
is shown in Figure 6.12.

Figure 6 Boost Converter Control

Figure 6.11 shows the incremental conductance MPPT subsystem used. Its inputs are the
output voltage and current of the PV system. The array terminal voltage is always adjusted
according to the MPP voltage. It is based on the incremental and instantaneous conductance of
the PV module.

Figure 6.11 MPPT subsystem

Boost converter (Figure 6.12) boost the output voltage of the PV system to 300 V. When
the switch is closed the inductor store energy and there is no current delivered the diode,
energy will be supplied by the capacitor charge. Energy stored in the inductor will be
delivered to the load to boost output voltage and recharge the capacitor when the switch is
open. Inductor immediately reverse its electromagnetic field to opposes any drop in
current. Voltage is controlled by varying the duty cycle that is pulses generated from the
MPPT subsystem.
𝑉𝑂 =

𝑉𝑠
1−𝐷

Figure 6.12 Boost Converter used to control PV system

Figure 6.13 shows IGBT parameters and Figure 6.14 shows the diode parameters.
Capacitor of capacitance 100 μF is used as a DC link. Resistor of resistance 0.005 Ω and
inductor of inductance 5 mH was used.

Figure 6.13 IGBT parameters

Figure 6.14 Diode parameters

6.3 Battery system Control
Charging and discharging processes of the BESS is controlled using boost-buck
converter as shown in Figure 6.15. A constant voltage at the DC bus is required 130 V
is used as a voltage reference.

Figure 6.15 Boost-Buck Converter Used to Control BESS System

A capacitor of capacitance 12 μ6 and resistor of resistance 0.1 Ω is used as DC link. Two
IGBT transistors are used one for controlling buck and the other for controlling the boost
part. Control for the IGBT switch is shown in Figure 6.16. Control mode 0 represents the
current control. Control Mode 1 represents voltage control. Inputs of the first switch are
constants zero and 1, the switch output is the input of the breaker used for the buck-boost
converter shown in Figure 6.16. This will activate one of the parallel inductor. In case the
output was q this will activate the 4.5 mH 0.3 Ω RL branch activate the voltage controller.

Otherwise, if it is zero it will activate the 9 mH inductor branch to activate the current
controller.
The voltage of the DC bus is compared with a reference voltage of 130 V (nominal voltage
of the battery). If the voltage of the DC bus is greater than the reference voltage the battery
will be charging, hence the boost converter will be activated. Otherwise, the battery will
be discharged and the buck converter will be activated.
An error signal, which is the difference of the DC bus voltage and the voltage reference,
is used for the PID controller. Figure 6.17 shows the PID Controller used with Ki= 3 and
Kp=0.02 for the Boost voltage Controller. Figure 6.18 shows the PID Controller used
with Ki= 110 and Kp=0.02 for the Buck voltage Controller.

Figure 6.16 Voltage Controller of the Bidirectional Boost-Buck Converter

Figure 6.17 PID Controller for the Boost Voltage Controller

Figure 6.18 PID Controller for the Buck Voltage Controller

6.4 Fuel Cell Control
A boost Converter of 100 Vdc is used to boost the voltage of the fuel cell stack as shown
in Figure 6.19. The Boost Converter Circuit is shown in Figure 6.20.

Figure 6.19 Fuel Cell Stack and the Boost Converter

The output voltage of the converter is filtered and then compared with 100V reference.
Then, duty cycle of the switch is the pulses generated using PWM. Pulses are generated
in according to open and close the switch to maintain a constant voltage equals to the
voltage reference of 100 V.

Figure 6.20 Boost Converter Block

Chapter 7
Results and Discussion
7.1 PV Output before Control
7.1.1 Output of PV system
As discussed in section 3.4, the current is directly proportional to the irradiance while the
voltage increases rapidly with increasing irradiance. However, after a specific irradiance,
the voltage will be constant regardless of increasing irradiance.
Figure 7.1 shows the output current pf the PV system before control. Current changes
proportionally with changing irradiance as verified previously in section 3.4.2. When
irradiance is zero, no output current from PV is generated. When irradiance started
increasing gradually, this current increases to reach a maximum value of 120 A. This
verified the PV model discussed in chapter 3. We have 40 parallel connected panels and

I (A)

each one has output current at maximum power point 2.88A.

T (hr)

Figure7.1 PV Output Current

Figure 7.2 shows the output voltage of the PV system before control. The voltage is about
151 V when irradiance is zero. At maximum irradiance, the voltage reaches 153.45 V
Irradiance effect on this voltage is weak compared to the effect on the current. This

verified the PV model discussed in chapter 3. We have 10 series connected panels and

V (V)

each one has the output voltage at maximum power point of 17 V.

T (hr)

Figure 7.2 PV Output Voltage

7.1.2 PV Output with Control System
Figure 7.3 shows the output voltage of the PV system, where the output voltage at the DC
bus increases to reach 437 V. Then it decreases to a constant value, for the rest of the day,

V (V)

at 300 V, which the DC bus voltage required.

T (hr)

Figure 7.3 DC Bus of the PV system

7.2 Battery System
7.2.1 Battery System Output
Figure 7.4a shows the state of charge of the battery system, when no output power
generated from PV system, battery will discharge to supply the load to value of 99.999%
since simulation time is 23 seconds and that is not enough for complete discharge of the
battery.

Battery will charge when the PV started suppling current and voltage, when the state of
charge reaches 100% it remains constant until PV can not supply the demand, then the
battery discharged again.

Figure 7.4 b shows the output current of BESS. During discharge the current is positive,
while charging the current is negative it reaches -120 A which is the same as the PV
system but with opposite polarity.

Figure 7.4 c shows the output voltage of the battery, it is the same output voltage of the

V (V)

I (A)

SOC (%)

PV.

T (sec)

Figure 7.4: SOC, Current and Voltage of battery system

7.2.2 Battery System Control
The voltage at the DC bus of the battery reaches a constant value of 130 V after few

V (V)

milliseconds for the rest of the day as shown in Figure 7.5.

T (sec)

Figure 7.5 DC Bus of battery

7.3 Fuel Cell System
7.3.1 Output of the Fuel Cell
From time t=0 to 10 sec the current was increasing exponentially from 0 to 133 A (Figure
7.6) with increasing fuel flow rate exponentially from 0 to 50 Ipm (Figure 7.7), while the
voltage was decreasing exponentially from 69 V to its nominal value of 45V (Figure 7.8).
At t=10 sec, when the current reaches its nominal value, the fuel rate showed a rapid
increase to its maximum point of 85 Ipm, which is the saturation limit, in order to show
an exponential increase of voltage to a steady state value of 54V and an exponential
decrease of the current to reach steady state value of 110 A at 13.5 sec.

Fuel Flow Rate (Ipm)

T (sec)

I (A)

Figure 7.6: fuel rate flow

T (sec)

Figure 7.7 Current of FC

V (V)

T (sec)

Figure 7.8 Voltage of FC

Figure 7.9 shows the output power of a FC stack which is the product of the voltage and
current. The power started from zero and increased exponentially to reach steady state
value which is the nominal power of 6 KW at 10 sec. However there is an overshoot after

P (W)

10 sec of period 4 seconds value is 62.5 kw.

T (sec)

Figure 7.9: Power of Fuel Cell Stack

Figure 7.10 shows the stack consumption of air and fuel in Ipm. Both increased
exponentially from zero air consumption reaches 178 Ipm and Fuel consumption to 50
Ipm.. After the change in current that changed the fuel flow rate, both values deceased

exponentially to reach a steady state value at 13.5 sec. Air consumption steady state value

Stack Consumption (Ipm)

is 146 Ipm and fuel consumption steady state value is 41 Ipm.

T (sec)

Figure 7.10: Stack Consumption (Ipm) (Air(Yellow); Fuel(Magenta))

Figure 7.11 shows the utilization percentage of oxygen and hydrogen. Utilization
percentage of oxygen remains constant at 60%, while utilization percentage of hydrogen
started at its nominal value of 99.95% until the flow rate changes at 10 sec, that makes

Utilization (%)

utilization percentage of hydrogen decrease to reach 48% at 13.5 sec .

T (sec)

Figure 7.11: Utilization percentage: Oxygen(Yellow) Hydrogen(Magenta)

Figure 7.12 the stack efficiency percentage that started at 75% and decreases
exponentially to its nominalvalue of 55% at 10 sec then showed a rapid decrease the

Stack Efficiency (%)

reach steady state at 13.5 seconds of 32%.

T (sec)

Figure 7.12: Stack Efficiency

7.3.2 FC Control System Output
A boost Converter of 100 Vdc is used to boost the voltage of the fuel cell stack.
Output Current:
DC bus Current increased exponentially to reach 60 A after 6 seconds as shown in Figure
7.13.Compared to the output of the fuel cell the current decreases but it reaches a
constant value in 6 seconds rather than 15 seconds.

I (A)

T (sec)

Figure 7.13 DC Bus Current

Output Voltage:
DC bus voltage increased exponentially to reach 100 V after 4 seconds as shown in
Figure 7.14. There is a slight increase to 104 V after 10 secinds when the fuel flow rate
increases rapidly, but this was resolved in just 1 second and the value return to 100V.
Compared to the output voltage of the fuel cell the increased from 45 V. Also, it reaches

V (V)

a constant value in 2 seconds rather than 15 seconds.

T (sec)

Figure 7.14 DC Bus Voltage

Chapter 8
Conclusion and Further Work
8.1 Conclusion
8.1.1 PV System
Modeling of the PV system used maximum power point data from datasheet of a PV
Model that considers only a shunt resistance and added a series resistance. Series
resistance were increased from zero while measuring the maximum power point. When
the maximum power point were reached the series resistance that was 0.9 Ω was used to
calculate the shunt resistance using equation taken from Shunt} resistance was 185 Ω.
Model was verified in Simulink where the IV and PV curves were plotted and showed
same plots as in the PV model.
Several experiments were done in Smart Energy Lab.

Experiment 1: Measuring the Voltage Open Circuit
Theoretical Voc was 22 V while experimental value was 21.8 V, which were
approximately the same. Despite the fact that the maximum irradiance of the solar
module is 380 W/M2 while maximum irradiance in real life is 1000 W/m2. Since voltage
will be independent on irradiance after 100 W/m2.

Experiment 2: Calculating the Current short circuit
Theoretical Isc was 3.11 A while experimental was 150 mA. A big difference between
both values was noticed. Same experiment was repeated and resulted in a different value
fo Isc which was 480 mA. The values was changing due to changing temperature of the
solar model. Therefore, value of ISC will increase as long as the solar module is exposed
to the lamp.

Experiment 3: Plotting IV Curve
Voltage open circuit was same as the experimental value measured in the first experiment
which is 21.8 V. However, the short circuit current is 250 mA which differs from the

theoretical value (3.11 mA) since the maximum irradiance in the theory part is 1000
W/m2 and the maximum irradiance of the solar module is 380 W/m2 and current is highly
dependent on temperature.
Experiment 4: Recording Daily Irradiance
A relation between the current and irradiance was estimated and the daily irradiance was
calculated.

Experiment 5: Maximum power point tracking
The maximum power point were tracked at 100% irradiance. Power was 1440 W current
was 4.01 A and voltage was 359 V. At 50%, irradiance current and power decreased to
half while voltage increased to 362 V.
Inputs of the PV model were irradiance taken from the experimental part and the
temperature taken from the weather application in smart phones. The output current and
voltage of the PV were plotted. Current changes proportionally with changing irradiance
as verified previously in section 3.4.2. When irradiance is zero no output current from
PV. When irradiance started increasing gradually current increases to reach maximum
value of 120 A. This verified the PV model discussed in chapter 3. We have 40 parallel
connected strings and each one has output current at maximum power point 2.88A.
Voltage is about 151 V when irradiance is zero, at maximum irradiance voltage reaches
153.45 V Irradiance effect on voltage is weak compared to the effect on current. This
verified the PV model discussed in chapter 3. We have 10 series connected strings and
each one has output voltage at maximum power point 17 V.
A boost converter was used to control PV system. This Boost converter was controlled
with MPPT (incremental conductance)used for control. Output of the MPPT is the DC
voltage reference subtracted from the Duty cycle and then used to generate pulses of the
Pulse Width Modulation of frequency 5 kHz and initial value of 0.25.
The output voltage at the DC bus increases to reach 437 V, then decreases to constant
value, for the rest of the day, of 300 V which is the DC bus voltage required.

8.1.2 Battery System
Panasonic Lithium-Ion CGR18650AF Lihium Ion Battery is used. Nominal Voltage and
capacity wee taken from datasheet of a single battery. 36 batteries are connected in series
and 125 batteries are connected in parallel, so the rated capacity will be 800 Ah and the
nominal voltage will be 130 V. BESS was summed to have initial charge of 100%.
Temperature effects are neglected in this study.
Battery started discharging from time 0 till 5 hr, when there was no output power from
the PV then started charging after 5 pm when it reaches 100% state of charged, it remains
at that level of charge until output power of the PV is zero and then discharged again.
A bidirectional Boost-Buck Converter was used to control the discharging and charging
processes of the Battery System. Boost part controls the discharging process and the
Buck part controls the discharging process. PID Controller used with Ki= 3 and Kp=0.02
for the Boost voltage Controller. PID Controller used with Ki= 110 and Kp=0.02 for the
Buck voltage Controller.
Voltage at the DC bus of the battery increases from 75V to reach constant value of 130 V
after few milliseconds for the rest of the day.
8.1.3 Fuel Cell
Proton Exchange Membrane (PEM) Fuel Cell Stack parameters was used with
parameters:
Nominal voltage: 45 V
Nominal current: 133.3 A and
Nominal power: 6 kW.
Maximum operating voltage: 37V
Maximum operating current 225 A.
Nominal air flow: 300 Ipm 65 fuel cells arranged to form this stack.
Nominal composition: Hydrogen 99.5%, oxygen 21% and water is 1%.

Nominal Supply pressure: 1.5 bar fuel and 1 bar air.
Flow of fuel was controlled using the current. When the current reaches its nominal
value, the fuel rate showed a rapid increase to its maximum point of 85 Ipm, in order to
show an exponential increase of voltage to a steady state value of 54V and an exponential
decrease of the current to reach steady state value of 110 A at 13.5 sec.
The stack consumption of air and fuel increased exponentially from zero air consumption
reaches 178 Ipm and Fuel consumption to 50 Ipm,. After the change in current that changed
the fuel flow rate, both values deceased exponentially to reach a steady state value at 13.5
sec.
The utilization percentage of oxygen and hydrogen. Utilization percentage of oxygen
remains constant at 60%, while utilization percentage of hydrogen started at its nominal
value of 99.95% until the flow rate changes at 10 sec, that makes utilization percentage of
hydrogen decrease to reach 48% at 13.5 sec .
The stack efficiency percentage that started at 75% and decreases exponentially to its
nominalvalue of 55% at 10 sec then showed a rapid decrease the reach steady state at
13.5 seconds of 32%.
A boost Converter of 100 Vdc is used to boost the voltage of the fuel cell stack
DC bus Current increased exponentially to reach 60 A after 6 seconds. Compared to the
output of the fuel cell the current decreases but it reaches a constant value in 6 seconds
rather than 15 seconds.
DC bus voltage increased exponentially to reach 100 V after 4. There is a slight increase
to 104 V after 10 seconds when the fuel flow rate increases rapidly, but this was resolved
in just 1 second and the value return to 100V. Compared to the output voltage of the fuel
cell the increased from 45 V. Also, it reaches a constant value in 2 seconds rather than 15
seconds.
8.1.4 Performance
Microgrid generation units were modeled using electric circuits. PV system modeling
shows same theoretical and experimental curves and values. Storage system used high

efficient Panasonic Lithium-Ion CGR18650AF batteries with long lifetime. A FC is used
to support the Microgrid since the solar power is intermittent and a Microgrid can not
depend alone on renewable energy resources, especially that this Microgrid is islanded
and not supported by a main grid.
DC/DC converters used were able to maintain a constant voltage at the DC bus. PV at
300 V, BESS at 130 V and FC at 100 V.

8.2 Further Work
In this thesis, a DC Microgrid in islanded mode was modeled and controlled. Further
studies are needed to connect this microgrid to a smart grid for a guaranteed load
satisfaction in case this microgrid was unable to satisfy the load due to changing weather
conditions since PV system is included and the solar power is intermittent. Connecting to
a main grid requires a DC/AC converters and a frequency control.
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